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ABSTRACT

Acid�base catalyzed glycosyl donor and then glycosyl acceptor activation with phenylboron difluoride or diphenylboron fluoride permits
hydrogen bond mediated intramolecular SN2-type glycosidation in generally high anomeric selectivity.

Major problems associated with glycoside bond forma-
tion have been addressed by the many recent advances in
glycoside synthesis. Efficient strategies andpowerfulmeth-
ods for accessing complex oligosaccharides and glycocon-
jugates of biological significance have been developed.1�5

However, the synthesis of glycosidic linkages is still by no
means routine and not comparable to peptide and nucleo-
tide synthesis. Often careful optimization of all parameters
including the leaving group, promoter/catalyst, protecting
group, and glycosidation conditions is crucial for high
yield and high stereoselectivity.Hence, new conceptual ap-
proaches to glycosidation are still welcome to meet the in-
trinsic diversity of carbohydrates.
To overcome some difficulties of intermolecular glycosi-

dations, particularly thedemandinganomeric stereocontrol,

intramolecular glycosidation has attracted great interest.6

In this context it is emphasized that O-glycosyl trichloro-
acetimidates transfer the glycosyl moiety to phosphate
esters and related AdB�C�H systems without a catalyst
highly diastereoselectively.1a,7 Thus, from the R-glucopyr-
anosyl trichloroacetimidate (Scheme 1, 1R) via an eight-
membered cyclic (extended cyclohexane-like) transition
state the β-products and vice versa were obtained. Even
R-pyridone with a pKa of ∼12,8 possessing the required
AdB�C�Hgeometry (Scheme 1), served as a substrate in
this reaction. Hence, it is envisioned that corresponding
A�B�C�H type intermediates, reversibly generated from
a catalystBdC (orBtC,B 3 3 3C) and, for instance, alcohol
as acceptor A�H, should react in the sameway.7 Thus, the
anomeric stereocontrol is connected via a concerted in-
tramolecular acceptor transfer to the configuration of the
glycosyl donor (Scheme 2).
The ideal catalyst BdC should fulfill the following criteria:

(a) very fast and reversible generation of the A�B�C�H
adductwithA�H; (b) increase of the proton acidity ofA�H
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in the A�B�C�H adduct; (c) no activation (this way even-
tually leading to decomposition) of the glycosyl donor in the
absence of the acceptor A�H, thus supporting the intra-
molecular, bimolecular concerted reaction course of the A�
B�C�H adduct; (d) increase of the nucleophilicity of the
acceptor hydroxy group to facilitate glycosidation.

Studies along these lines with addition prone carbonyl
compounds7 and recently with electron-deficient imines9

as catalysts BdC exhibited some success. However, the
investigated compounds did not fully meet criteria (a), (c),
and (d), thus leading also to undesired product formation.
Hence, B�F bond containing compounds could be sui-

table for this purpose as the empty orbital at boron readily
accepts oxygen containing compounds and the fluorine is
known to form strong H-bonds.10 Thus with alcohols (R1�
OH) adducts are obtained that do not only provide an acidic
proton that is H-bonded to fluorine in nonpolar solvents10

but also an acceptor that carries an induced partial negative
charge.

Thus, a nucleophilicity increase of the acceptor is gained
that supports the reaction with the glycosyl donor.11,12 As

this intramolecular acid�base catalysis concept for gly-
cosidations is related to the mechanism of glycosyl trans-
fer in enzymatic reactions,6 proof of principle studies are
of great interest.13

Boron trifluoride as a catalyst for O-glycosyl trichloro-
acetimidate activation favors, in low polarity solvents at
low temperatures, SN2-type reactions. Yet, the preferential
inversion product formation is presumably due to tight
ion pair generation prior to reaction with the glycosyl
acceptor.1a,14 Similar results were obtained with glycosyl
iodides or with, under acid conditions, in situ generated
O-glycosyl triflate intermediates, respectively, that also
furnish preferentially inversion products formally based
on SN2-type reactions.15�17 However, these catalysts for
leaving group activation do not fulfill criteria (c) as shown
for boron trifluoride and TMSOTf (Table 1, entries 1 and
2); therefore the desired reaction course is not favored.
Hence, for instance, less acidic boron fluoride derivatives
are required as catalysts. As the first compound phenyl-
boron difluoride (PhBF2) was selected that could be pre-
pared in pure form.18Gratifyingly, this reagent fulfilled the
criteria for a good catalyst system as shown in Table 1: At
0 �C (and even at rt) PhBF2 did not activate and hence not

Scheme 1. Site-Selective Glycosidation of AdB;C;H
Acceptors with O-Glucopyranosyl Trichloroacetimidate
As Donor Supporting an SN2-Type Mechanism

Scheme 2. Formation of Intermediate Acceptor�Catalyst Ad-
ducts A�B�C�HReacting withO-Glucopyranosyl Trichloro-
acetimidate as Donor

Table 1. Reaction ofGlycosylDonors 1r�5rwithAlcohols (A)
under Various Conditions and Some Comparisons

reaction cond.a

entry donor acc.

activator

(equiv) temp time

product

(yield)

β/Rb

ratio

1 1r None BF3•OEt2 (0.1) 0 �C 30 min Decomp. of 1r
2 1r None TMSOTf (0.1) 0 �C 30 min Decomp. of 1r
3 1r None PhBF2 (0.1) 0 �C f rt 2 d No reaction,

no decomp.c

4 1r A BF3•OEt2 (0.1) 0 �C 10 min 1A (84%) 2:1

5 1r A TMSOTf (0.1) 0 �C 10 min 1A (88%) 1:1

6 1r A PhBF2 (0.1) 0 �C 10 min 1A (73%) 8:1

7 1r A BF3•OEt2 (0.1) �78 �C 10 min 1A (89%) 6:1

8 1r A TMSOTf (0.05) �78 �C 10 min 1A (88%) 12:1

9 1r A PhBF2 (0.1) �78 �C 10 min 1A (93%) 24:1

10 1r A0d HF•Pyr (1.0) 0 �C 10 min 1A (71%) 24:1

11 3r A PhBF2 (0.1) �78 �C 10 min 3A (86%) 24:1

12 4r A PhBF2 (0.1) �78 �C 10 min 4A (69%) 4:1

13 5r A PhBF2 (0.1) �78 �C 10 min 5A (86%) 6:1

14 2r A PhBF2 (0.1) �78 �C 10 min 2A (89%) 24:1

15 1r None Ph2BF (0.1) 0 �C 30 min No reaction,

no decomp.

16 1r A Ph2BF (0.1) 0 �C 10 min 1A (89%) 7:1

17 1r A Ph2BF (0.1) �78 �C 10 min 1A (91%) 24:1

18 1β A PhBF2 (0.1) �78 �C 10 min 1A (85%) 1:4

19 1β B PhBF2 (0.1) �78 �C 10 min 1B (90%) 1:15

a Inverse procedure and dry CH2Cl2 as solvent were employed. bThe
β/R ratiowas determined by the 1HNMRsignals of the isopropylmethyl
groups; the detection limit for the R-anomer is about 4%. cVery slow
formation of glucosyl fluoride was observed. dA’ = B(OiPr)3.
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decompose the donor 1r (entry 3); however, fast adduct
formation with isopropanol could be observed by 1H
NMR studies. This adduct reacted readily with 1r19 at
0 �C or even at �78 �C to afford essentially (entry 6) or
practically exclusively (entry 9) the desired β-glucopyrano-
side 1A.20 Comparisons with BF2 3OEt2 and TMSOTf as a
catalyst under these conditions (entries 4, 5 and 7, 8) clearly
showed that the PhBF2 3 alcohol adduct is superior in terms
of stereocontrol. Comparison studies with alkyl phenyl-
boronates and borate esters as acceptors and HF as a
promoter (entry 10) led to similar results. These studies
showed that fluorine bound to boron is required for the
success of the reaction.As presumed, the transition state in
the reaction of 1r with the A�B�C�H adduct is quite
sensitive to temperature variations (entries 6 and 9); how-
ever, solvents (as for instance acetonitrile, toluene, cyclo-
hexane) had only a minor effect on the results. Due to the
fast adduct formation, the use of the inverse procedure (IP,
i.e. adding the catalyst to the dissolved acceptor) or the
normal procedure (NP, i.e. adding the catalyst to a solu-
tion of the acceptor and donor) had only a small effect on
the result (not shown). Hence, PhBF2 as the catalyst in
dichloromethane as the solvent at�78 �C under IP condi-
tions seems to be a good choice for the synthesis of 1,2-
trans glycosides with 1r as the donor. Similar results were

Table 2. Reaction of Glycosyl Donors 1r�5r with Carbohy-
drate Acceptors B�G with PhBF2 or Ph2BF, Respectively, As
Catalysts

reaction cond.a

entry donor acc.

catalyst

(equiv) temp time

product

(yield)

β/Rb

ratio

1 1r C PhBF2 (0.1) 0 �C 10 min 1C (83%) 13:1

2 1r C PhBF2 (0.1) �78 �C 10 min 1C (87%) 24:1

3 1r C TMSOTf (0.1) �78 �C 10 min 1C (80%) 6:1

4 1r D PhBF2 (0.1) �78 �C 10 min 1D (73%)c 4:1

5 1r E PhBF2 (0.1) �78 �C 10 min 1E (74%)c 8:1

6 1r F PhBF2 (0.1) �78 �C 10 min 1F (65%) 3:1

7 1r G PhBF2 (0.1) �78 �C 10 min 1G (62%)c 15:1

8 1r H PhBF2 (0.1) �78 �C 4 h 1H (64%) 24:1

9 1r H BF3•OEt2 (0.1) �78 �C 3 h 1H (66%) 5:1

10 3r C PhBF2 (0.1) �78 �C 10 min 3C (82%) 24:1

11 3r D PhBF2 (0.1) �78 �C 10 min 3D (68%) 3:1

12 4r C PhBF2 (0.1) �78 �C 10 min 4C (68%) 24:1

13 4r D PhBF2 (0.1) �78 �C 30 min 4D (68%) 4:1

14 5r C PhBF2 (0.1) �78 �C 10 min 5C (72%) 24:1

15 5r F PhBF2 (0.1) �78 �C 10 min 5F (60%) 7:1

16 1r C Ph2BF (0.1) �78 �C 10 min 1C (96%) 24:1

17 1r D Ph2BF (0.1) �78 �C 10 min 1D (74%) 10:1

18 3r D Ph2BF (0.1) �78 �C 10 min 3D (76%) 6:1

19 4r C Ph2BF (0.1) �78 �C 10 min 4C (71%) 24:1

20 5r C Ph2BF (0.1) �78 �C 10 min 5C (80%) 24:1

aAll reactions were carried out in dry CH2Cl2 as solvent using the
inverse procedure. bThe β/R ratio was determined with the help of 1H
NMR data; the detection limit for the R-anomers is about 4%. cAbout
5% glucosyl fluoride was obtained.

Scheme 3. Glycosyl Donors 1r�5r and Their Reactions with
Alcohols (for details, see Table 1)
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obtained for glycosyl donors 3r,21 4r,22 and 5r23 having
no anchimerically assisting neighboring groups in the
2-position; again, mainly the β-glycosides of 3A,24 4A,
and 5A were formed (entries 11, 12, and 13). Even the less
reactive fully O-acetylated glucosyl donor 2r19 could be
activated with PhBF2 in the presence of isopropanol as an
acceptor (entry 14) furnishing as expected the β-glucopyr-
anoside 2Aβ (Scheme 3).25

As PhBF2 gave mainly excellent glycosidation results at
temperatures as low as �78 �C, hence also the less Lewis
acidic Ph2BF was prepared18 and studied as a catalyst
under the same conditions. Entries 15�17 (Table 1) show
that this compound also fulfills the criteria for a good
catalyst.
Preliminary experiments were also performed with the

correspondingO-β-D-glucopyranosyl trichloroacetimidate
1β1a as a glycosyl donor. With isopropanol (A) as the
acceptor there is a clear preference for R-product (1Ar)26

formation (entry 18). Almost exclusive β-selectivity was
observed for allyl alcohol (B) as the acceptor affording
mainly 1Br27 (entry 19). Possibly, some steric hindrance in
the transition state leads to lower anomeric selectivity than
observed for 1r. Hence, other catalyst types may be
required for the selective generation of 1,2-cis-glycosides.
The glycosidation results with glycosyl donors 1r, 3r,

4r, and 5r with more demanding carbohydrate acceptors
C,26D,29E,30 F,30G,31 andH32 in the presence of different
catalysts are compiled inTable 2.Reactionof 1rwith these
acceptors having unprotected hydroxy groups at 6-, 4-, 2-,
and 3-positions with PhBF2 as the catalyst (entries 1, 2,
4�8) exhibited preferential formation of the β-glucopyr-
anosides of 1C,28 1D,21 1E,33 1F,34 1G,35 and 1H. The re-
actions did not proceed at the same rate (entry 8); the ap-
pearance of some glycosyl fluoride (entries 4, 5, 7) showed
that the catalyst is partly consumed, thus leading to a
decreased reaction rate that also influenced the product
yield. However, no phenyl C-glycoside formation was
observed.36 TMSOTf or BF3 3OEt2 as catalysts did not

furnish better results than PhBF2, for instance in the
formation of 1C or 1H (entries 3 and 9). Preferential 1,2-
trans product formation was also observed for glycosyl
donors 3r�5r (entries 10�15), thus furnishing mainly
3Cβ,37 3Dβ,21 4Cβ, 4Dβ, 5Cβ, and 5Fβ.
InvestigationswithPh2BFas the catalyst (entries 16�20,

formation of 1C, 1D, 3D, 4C, 5C) exhibited very good
glycosidation results. It was particularly pleasing that
Ph2BF provided in the reactions of 1r with D to 1D

(entry 17) and of 3r withD to 3D (entry 18) better results
than PhBF2 (see entries 4 and 11); thus, as expected, the
steric effect of the two phenyl groups supports the con-
certed donor activation�acceptor transfer. Hence, the
choice of catalyst is of great importance in these intramo-
lecular acid�base catalyzed glycosidations.
In conclusion, PhBF2 and Ph2BF, formally representing

BdC, basically fulfill the requirements for good cata-
lysts for O-glycosyl trichloroacetimidate (and related
systems) activation: Not the catalyst itself, but only the
adduct A�B�C�H with acceptor A�H is sufficiently
acidic to activate the glycosyl donor. Hence, the catalyst
carries the acceptor to the donor generating a tempora-
rily H-bonded noncovalent donor leaving group�
catalyst�acceptor complex that permits via an intramo-
lecular reaction course proton transfer to the leaving
group and the nucleophilicity increase of the acceptor
facilitating the concomitant glycoside bond formation.
The results support the prevalence of this concerted
SN2-type mechanism between the glycosyl donor and
the A�B�C�H adduct, as preferentially the inversion
product is obtained. Competing reaction courses lead-
ing to R-product and glycosyl fluoride formation were
only effective in some cases. H-bonding as a means for
intramolecular acid�base catalyzed glycosidation re-
sulting in concomitant glycosyl donor and glycosyl
acceptor activation obviously has the potential to be-
come a general and very efficient glycosidation method.

Acknowledgment. This work was supported by the
University of Konstanz and the Fonds der Chemischen
Industrie. V.K. is particularly grateful for a fellowship
from the Alexander von Humboldt Foundation.

Supporting Information Available. Experimental details
and NMR spectra of new compounds (1H, 4A, 4C, 4D,
5A, 5C, 5F) andNMR spectra of 1A�1G, 2A, 3A, 3C, 3D.
This material is available free of charge via the Internet
at http://pubs.acs.org.

(22) Dere, R. T.; Kumar, A.; Kumar, V.; Zhu, X.; Schmidt, R. R.
J. Org. Chem., submitted.

(23) Knerr, L.; Schmidt, R. R. Synlett 1999, 1802–1804.
(24) Mereyala,H. B.; Reddy,G. V.Tetrahedron 1991, 47, 6435–6438.
(25) Lemieux, R. U.; Hindsgaul, O. Carbohydr. Res. 1980, 82, 195–

208.
(26) Tsvetkov, Y. E.; Klotz, W.; Schmidt, R. R. Liebigs Ann. Chem.

1992, 371–375.
(27) Ronchi, P.; Vignando, S.; Guglieri, S.; Polito, L.; Lay, L. Org.

Biomol. Chem. 2009, 7, 2635–2644.
(28) Eby, R.; Schuerch, C. Carboyhdr. Res. 1974, 34, 79–90.
(29) Garegg, P. J.; Iversen, T.; Oscarson, S.Carbohydr. Res. 1976, 50,

12–11�14.
(30) Barrett, A. G.M.; Road, R.W.; Barton, D. H. R. J. Chem. Soc.,

Perkin Trans. 1 1980, 2184–2190.
(31) Westerlind, U.; Hagback, R.; Duk, M.; Norberg, T. Carbohydr.

Res. 2002, 337, 1517–1522.
(32) Roussel, F.; Knerr, L.; Schmidt, R. R. Eur. J. Org. Chem. 2001,

2067–2073.
(33) Nagai, H.; Sasaki, K.; Matsumura, S.; Toshima, K. Carbohydr.

Res. 2005, 340, 337–353.

(34) Ito, Y.; Ogawa, T. Carbohydr. Res. 1990, 202, 165–175.
(35) Cassel, S.; Plessis, I.; Wessel, H. P.; Rollin, P. Tetrahedron Lett.

1998, 39, 8097–8100.
(36) Mitchell, T. A.; Bode, J.W. J. Am. Chem. Soc. 2009, 131, 18057–

18059 and references therein.
(37) Vankar, Y. D.; Vankar, P. S.; Behrendt, M. E.; Schmidt, R. R.

Tetrahedron 1991, 47, 9985–9992.


